ABSTRACT: A dianionic Ireland−Claisen rearrangement of chiral, nonracemic α-methyl-β-hydroxy allylic esters has been developed that proceeds with high diastereoselectivity and provides products containing three contiguous stereogenic carbons, including a quaternary center. The potential utility of the rearrangement for complex molecule synthesis is also demonstrated.
T he Claisen rearrangement was first reported in 1912 and has become one of the most powerful methods for carbon−carbon bond formation in organic synthesis 1 as illustrated by the successful application of its numerous variants to natural product synthesis. 2 The Ireland−Claisen rearrangement, which proceeds through the enolate or the corresponding silyl ketene acetal of an allylic ester, affords pentenoic acid derivatives at moderate temperatures with a high degree of stereoselectivity. 1d The dianionic Ireland−Claisen rearrangement that employs β-hydroxy allyl esters was independently reported by Fujisawa and Kurth in the early 1980s. 3, 4 In the original report, Kurth showed that when allyl β-hydroxy ester 1 was exposed to an excess of strong base, the resulting β-alkoxy enolate 2 underwent a chelate-controlled [3, 3] -sigmatropic rearrangement to give two diastereomeric pentenoic acid products (3) demonstrating that the β-hydroxy group could serve as a stereochemical directing element. 3 While the yields and diastereoselectivity obtained were moderate, higher selectivity was observed with more sterically demanding substrates (Scheme 1). All the examples reported by Fujisawa and Kurth involved the use of racemic substrates and lack α-substitution in the starting ester substrate. No examples that produced single enantiomers or quaternary carbon centers have been reported. Since these initial reports, further investigation of this transformation has been limited to an attempt by Gilbert to use the reaction in a synthesis of (−)-trichodiene. 5 We were interested in extending the dianionic Ireland− Claisen rearrangement to include chiral, nonracemic substrates bearing an α-substituent to the ester that could lead to pentenoic acid derivatives bearing three contiguous stereogenic centers, including an all-carbon quaternary center, in a highly enantioselective fashion. Establishment of quaternary carbon centers has been previously achieved through Claisen rearrangements but not through the dianionic Ireland−Claisen reaction. 6 The requisite enantioenriched substrate for the initial investigation was obtained through the use of a thiazolidinethione-mediated propionate aldol reaction of N-propionylthiazolidinethione 4 with acrolein to give aldol adduct 5 (Scheme 2).
7 Nucleophilic displacement of the chiral auxiliary by direct transesterification under mild conditions with cinnamyl alcohol in the presence of imidazole and DMAP produced allyl ester 6, which became the initial focus for our study on the dianionic Ireland−Claisen rearrangement.
Initially, allylic ester 6 was treated with excess LDA in THF in a manner similar to the conditions reported by Kurth. 3 The rearrangement occurred at room temperature (Table 1, entry 1) to give a single diastereomeric product (7α) whose absolute configuration was confirmed by X-ray crystallography. The yield was further enhanced by substituting LiHMDS as the base (entry 2). Changing the solvent to diethyl ether resulted in reduced yield without a reduction in diastereoselectivity, however conducting the reaction in toluene improved the yield with an accompanying small decrease in diastereoselectivity (entries 3 and 4). In all cases, the only byproduct obtained was cinnamyl alcohol, which likely results from deacylation of the intermediate alkoxy enolate. 8 Because the production of cinnamyl alcohol was minimized in toluene solvent and the diastereoselectivity was maximized in THF, the rearrangement was conducted in toluene with the addition of a small amount of THF (4 equiv). Under these conditions, the yield was similar to that using toluene alone without compromising the diastereoselectivity (entry 5). Variation of the alkali metal counterion in toluene/THF gave no improvement. While selectivity was maintained when NaHMDS was used as a base, the overall yield was significantly lower (entry 6) and the potassium alkoxy enolate prepared with KHMDS decomposed upon warming above −78°C (entry 7). The addition of Mg-and Zn-based salts, which have been shown to improve both the yield and diastereoselectivity of other Ireland−Claisen-type rearragements, 9 did not improve the overall yield.
With an acceptable set of conditions in hand, we next sought to investigate the substrate scope of the dianionic Ireland− Claisen rearrangement. Various allylic esters were prepared in a manner similar to ester 6 where both the initial aldehyde used in the aldol addition step and the allylic alcohol used in the esterification step were varied (see Table 2 ).
Although all allyl esters from propenal aldol adducts underwent the rearrangement step at room temperature (Table 2 , entries 1−3), using esters of aldol adducts derived from 3-butenal (entries 4−7), 4-pentenal (entries 8−11), benzaldehyde (entry 12), or methacrolein (entry 13) required a higher reaction temperature of 65°C for the rearrangement to proceed. Not surprisingly, the diastereoselectivity of the rearrangement was lower for esters derived from allylic alcohols with sterically smaller substituents (entries 1 and 2) when compared to ester 6. Interestingly, however, increasing the steric bulk of the R 1 position led to a noticeable increase in diastereoselectivity to the point that a single diastereomer was obtained in many cases even when the substituent at R 2 was relatively small (see entries 5, 10, 12, and 13). In general, the yields were moderate to good with the only byproduct obtained being the corresponding allylic alcohol, presumably as a result of deacylation of the enolate dianion. Attempts to prepare the silyl ketene acetal of the alkoxy enolate to compare the rates and diastereoselectivity to the dianionic process were unsuccessful. 10 The high diastereoselectivity of the process is consistent with a chelated chairlike transistion state 11 shown in Figure 1 . The alkene of the allylic alcohol approaches the enolate from the opposite side of the β-substituent of the enolate (R 1 ), thus minimizing unfavorable steric interactions. The ability to construct an all-carbon quaternary center while simultaneously setting the configuration of three contiguous asymmetric centers is potentially useful in the preparation of complex synthetic intermediates. As part of a broader program directed toward the synthesis of marine natural products, 11, 12 we were attracted to the class of briarane diterpenes because of their unique structural features and interesting biological properties. The briaranes are highly oxygenated marine metabolites that possess a modified cembranoid skeleton. 13 Examination of the core structure of briarane diterpenes reveals a trans-fused 6,10 carbon-ring system with an angular methyl group completing the substitution of a quaternary carbon at the ring fusion. 18, 19 Prior synthetic approaches to the briaranes have led to progress toward the 6,10 ring fusion, but no total synthesis has been reported to date.
14−17 Of the many briaranes that have been isolated and identified, we focused our initial efforts on the core of brianthein A (Scheme 3, 13) due to its relatively low level of oxygenation and interesting biological activity profile, including its ability to reverse multidrug resistance in human carcinoma cell lines. 20 Retrosynthetically, the required ring fusion stereochemistry could be established early in the synthesis via a dianionic Ireland−Claisen rearrangement of ester 18 to give the substituted pentenoic acid 17 followed by the construction of the 6,10 bicyclic system to give the core structure (14) .
The preparation of hydroxy ester 18 for the key rearrangement step is illustrated in Scheme 4. Aldehyde 21, required for the initial auxiliary-mediated aldol addition, was prepared in three steps from glycolyloxazolidinone 19. Alkylation 21 of the sodium enolate of 19 with methallyl iodide followed by reductive cleavage of the auxiliary afforded alcohol 20, which was oxidized to aldehyde 21 under Swern conditions. 22 Subsequent auxiliary-mediated aldol addition of thiazolidinethione 4 with aldehyde 21 gave aldol adduct 22 in good yield and 9:1 diastereoselectivity. Exposure of aldol adduct 22 to alcohol 23, imidazole, and catalytic DMAP over 72 h afforded the dianionic Ireland−Claisen substrate 18. Upon treatment of allylic ester 18 with LiHMDS, under optimized conditions for the dianionic Ireland−Claisen rearrangement, the rearranged product 17 was obtained as a single diastereomer in 72% yield. This rearrangement successfully established the necessary two contiguous stereocenters that would constitutute the ring juncture for the briarane core structure as well as the two additional resident carbinol stereocenters of the 10-membered carbocycle. Further work toward the synthesis of brianthein A, including the synthesis of the 6,10-fused ring system, is currently ongoing.
In summary, we have extended previous work on the dianionic Ireland−Claisen rearrangement to include chiral, nonracemic allylic esters with α-substitution. The rearrangement proceeds with good facial selectivity to give products containing three contiguous asymmetric carbons, including an all-carbon quaternary center. The prepararation of an intermediate which may prove valuable for further studies toward the synthesis of the marine natural product brianthein A was also accomplished.
Experimental procedures, full spectroscopic data for all new compounds, and X-ray crystallographic data. This material is available free of charge via the Internet at http://pubs.acs.org.
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